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Shear walls are one of the excellent means for providing
earthquake resistance to multistoreyed reinforced concrete
(RC) buildings. Part I of the paper published in July 1993 issue
of the Journal dealt with their behaviour and strength charac-
teristics. This part deals with specifications for the design and
detailing of ductile earthquake-resistant shear walls. 1S:456-
1978 and 15:4326-1976 do not give specifications for the same.
A detailed commentary is included to explain the basis of these
specifications. A worked out example on shear wall design is
also given.

Shear walls are very effective in providing lateral load resis-
tance in multistoreyed buildings. They used to be considered
as brittle structural elements. However, extensive experimen-
tation has shown that they can be made to behave in a ductile
manner by adopting proper detailing techniques. Good de-
tailing endeavours to suppress the brittle failure modes; it
enables the wall to dissipate seismic energy in the flexure
mode in a stable manner. I5:456-1978 incorporates some pro-
visions for the design of reinforced concrete walls'. However,
these provisions are inadequate for designing walls to resist
earthquake induced forces. 15:4326-1976 does not have any
provisions for detailing of shear walls’. Building design codes
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used in the U.S.A.**, Canada®, and New Zealand’ have design
provisions for earthquake-resistant shear walls. However,
these codes use a different design philosophy and hence
cannot be directly adopted for use in India.

Part I of this paper described the behaviour and strength
characteristics of shear walls®. This part gives recommenda-
tions for design and detailing of earthquake-resistant shear
walls. An extensive study of seismic design codes used else-
where was carried out prior to framing these provisions. The
recommendations given herein are within the overall frame-
work of 15:456-1978 and could be incorporated in 15:4326. The
background for these recommendations is given through
comments. One example on shear wall design and detailing
is also included.

Proposed design provisions for shear
walls

1. Shear walls
The requirements of this section apply to shear walls which
are part of the lateral force resisting system of the structure.

1.1 General requirements
1.1.1 The thickness of any part of the wall shall not be less
than 100 mm.

Comment : The minimum thickness is specified as 100 mm to
avoid unusually thin sections. Very thin sections are suscep-
tible to lateral instability in zones where inelastic cyclic load-
ing may have to be sustained.
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1.1.2 The effective flange width to be used in the design of
flanged wall sections shall be assumed to extend beyond the
face of the web for a distance which shall be the smaller of (a)
half the distance to an adjacent shear wall web; and (b) 1/10th
of the total wall height.

1.1.3 Shear walls shall be provided with reinforcement in the
longitudinal and transverse directions in the plane of the wall.
The minimum reinforcement ratio shall be 0.0025 of the gross
area in each direction. This reinforcement shall be distributed
uniformly across the cross section of the wall.

Comment : Distribution of a minimum reinforcement uni-
formly across the height and width of the wall helps to control
the width of inclined cracks that are caused due to shear.

1.1.4 If the factored shear stress in the wall exceeds 0.25 \’E
or if the wall thickness exceeds 200 mm, reinforcement shall
be provided in two curtains, each having bars running in the
longitudinal and transverse direction in the plane of the wall.
Comment : The use of two curtains of reinforcement will

reduce fragmentation and premature deterioration of the con-
crete under cyclic loading into the inelastic range. The limits

of 0.25 '\IE and 200 mm have been adopted from reference?.

1.1.5 The diameter of the bars to be used in any part of the
wall shall not exceed 1/10th of the thickness of that part.

Comment : This is to prevent the use of very large diameter
bars in thin wall sections.

1.1.6 The maximum spacing of reinforcement in either direc-
tion shall not exceed the smaller of I /5,3t , and 450 mm;
where I_is the horizontal length of the wall, and ¢_ is the
thickness of the wall web.

1.2 Shear strength requirements
1.2.1 The nominal shear stress, 1, shall be calculated as

factored shear force
thickness of the web

effective depth of wall section. This may be
taken as 0.8[;., for rectangular sections.
1.2.2 The design shear strength of concrete, 7., shall be calcu-
lated as per Table 13 of 15:456-1978.

Comment : The vertical reinforcement that is provided in the
wall shall be considered for calculation of the design shear
stress of concrete as per Table 13 of 15:456-1978. The increase
in shear strength due to axial compression may also be con-
sidered as per clause 39.2.2 of 15:456-1978. However, for this
only 80 percent of the factored axial compressive force should

VI.I
tw
d

w

be considered as effective. This is to consider the possible
effect of vertical acceleration.

1.2.3 The nominal shear stress in the wall, 1, , shall not exceed
Tereras per Table 14 of 15:456-1978.

1.2.4 When 1, is less than 1., shear reinforcement shall be
provided in accordance with 1.1.3, 1.1.4, and 1.1.6 of this code.

1.2.5 When 1, is greater than 7., the area of horizontal shear
reinforcement, A, , to be provided within a vertical spacing,
S, , is given by

087f, 4,4,
w- S

o

where, V= (V,-1t_4d,),is theshear force toberesisted
by the horizontal reinforcement. However, the amount of
horizontal reinforcement provided shall not be less than the

minimum as per 1.1.3 of this code.

1.2.6 The vertical reinforcement that is uniformly distributed
in the wall shall not be less than the horizontal reinforcement
calculated as per 1.2.5.

Comment : This provision is particularly important for squat
walls. When the height-to-width ratio is about 1.0, vertical and
horizontal reinforcement are equally effective in resisting the
shear force. However, for walls with height-to-widthratioless
than 1.0, a major part of the shear force is resisted by the
vertical reinforcement. Hence, adequate vertical reinforce-
ment should be provided for such walls.

1.3 Flexural strength

1.3.1 The moment of resistance, M.. , of the wall section shall
be calculated as for columns subjected to combined axial load
and uni-axial bending as per 15:456-1978. The moment of
resistance that is provided by uniformly distributed vertical
reinforcement in a slender rectangular wall section may be
calculated as follows :

@ Forx/1, < x/1,
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Fig 1 Diagonally reinforced coupling beam

A, = area of uniformly distributed vertical rein-
forcement
B = 087f /(00035 E)
E, = elastic modulus of steel
P, = axial compressionon wall
M) Forx/l < x /1, <10
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The value of x/I_ to be used in this equation should be
calculated from the quadratic equation

xl 2 xy
o (7) +o(7)-a=0
where,

- (2 . i 5

o, ([3 A);and ag = ( B)
Comment : These equations were derived assuming a rectan-
gular wall section of depth/_and thickness ¢_thatis sub]ected
to combined uni-axial bending and axial compressmn The
vertical reinforcement is represented by an equivalent steel
plate along the length of the section. The stress-strain curve
assumed for concrete is as per 15:456-1978 whereas that for
steel is assumed to be bi-linear. Two equations are given for
calculating the flexural strength of the section. Their use de-
pends on whether the section fails in flexural tension or in
flexural compression.

1.3.2 The cracked flexural strength of the wall section should
be greater than its uncracked flexural strength.

Comment : This provision governs those wall sections which,
for architectural or other reasons, are much larger in cross
section than required from strength considerations alone.
Consider a wall section that is subjected to a gradual increase
in moment. Initially, it is uncracked and behaves like a plain
concrete section. When the cracking moment is reached, con-
crete in the extreme fiber ruptures in tension. A further in-
crease in moment causes the reinforcement to take all tension
on the section. Thus, the cracked flexural strength of the
section should be greater than the uncracked flexural strength
so as to prevent a brittle failure involving sudden fracture of
the tension reinforcement.

1.3.3 In walls that do not have boundary elements, vertical
reinforcement consisting of at least 4 bars of minimum 12 mm
diameter arranged in 2 layers shall be provided along the edge
of the wall.

Comment : Concentrated vertical reinforcement near the
edges of the wall is more effective in resisting bending mo-
ment.

1.4 Boundary elements

Boundary elements are portions along the wall edges that are
strengthened by longitudinal and transverse reinforcement.
Though they may have the same thickness as that of the wall
web, it is advantageous to provide them with greater thick-
ness.

Comment : Wall sections having stiff and well confined
boundary elements develop substantial flexural strength, are
less susceptible to lateral buckling, and have better shear
strength and ductility in comparison to plane rectangular
walls not having stiff and well-confined boundary elements.

1.4.1 Where the extreme fiber compressive stress in the wall
due to factored gravity loads plus factored ea force
exceeds 0.2 f;, boundary elements shall be provided along the
vertical boundaries of walls. The boundary elements may be
discontinued where the calculated compressive stress be-
comes less than 0.15 fs. The compressive stress shall be calcu-
lated using a linearly elastic model and gross section
properties.

Comment : During a severe earthquake, the flanges of a wall
are subjected to high compressive and tensile stresses. Hence,
the concrete needs to be well confined so as to sustain the load
reversals without a large degradation in strength.

1.4.2 Aboundary element shall have adequate axial load-car-
rying capacity, assuming short column action, so as to enable
it to carry an axial compression equal to the sum of factored
gravity load on it and the additional compressive load in-
ducted by the seismic force. The latter may be calculated as
MI - MW
CU

Adu ]

where,

factored design moment on the entire wall
section
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moment of resistance provided by distrib-
uted vertical reinforcement across the wall
section.

C,, = center to center distance between the bound-
m ﬂ:lultents along the two vertical edges of

Comment : The boundary element is assumed to be effective
in resisting the design moment due to earthquake induced
forces along with the web of the wall. The axial compression
that is required to be developed in the boundary element for
this purpose is given by (M - M_.)/C_. Thus, the boundary
element should be designed asa short column for an axial load
equal to the sum of the above axial compression and the
gravity load oniit.

1.4.3 If the gravity load adds to the strength of the wall, its
load factor shall be taken as 0.8,

Comment : Moderate axial compression results in higher mo-
ment capacity of the wall. Hence, the beneficial effect of axial
compression by gravity loads should not be fully relied upon
in design due to the possible reduction in its magnitude by
vertical acceleration. For example, consider a boundary ele-
ment in which the unfactored axial compression due to grav-
ity and earthquake loading is 400 kN and 50kN, respectively.
Also assume that the bending moment in the wall due to
seismic force exerts an additional axial force of 800 kN in the
boundary element. The boundary element should be de-
signed for the factored compression force of 1.2 [400 + 50 +
800] = 1500 kN. Also, the factored design tension force will be
(0.8 x 400 - 1.2 x 50 - 1.2 x 800) = - 700 kN. Note that a load
factor of 0.8 has been used for the gravity load as the gravity
load adds to the strength of the wall by reducing design
tension in the boundary element.

1.44 The percentage of vertical reinforcement in the bound-
ary elements shall not be less than 0.8 percent nor greater than
6 percent. In order to avoid congestion, the practical upper
limit would be 4 percent.

1.4.5 Boundary elements where required as per 1.4.1, shall be
provided with special confining reinforcement as is required
for columns in 1S:4326.

Comment : During a severe earthquake, boundary elements

may be subjected to stress reversals. Hence, they have to be
confined adequately to sustain the cyclic loading without a

large degradation in strength.

1.46 Boundary elements need not be provided if the entire
wall section is provided with special confining reinforcement
as is required for columns in 15:4326.

1.5 Coupled shear walls

1.5.1 Coupled shear walls shall be connected by ductile cou-

pling beams. If the earthquake induced shear stress in the
coupling beam exceeds

D

where, 1, is the clear span of the coupling beam and D is its
overall depth, the entire earthquake induced shear and flex-
ure shall preferably be resisted by diagonal reinforcement.

Comment : Coupling beams must have large ductility as they
are subjected to extensiveinelastic deformations at their ends.
In coupling beams of small span-to-depth ratio, diagonal
reinforcement is much more effective in controlling shear
displacements and in preventing sliding shear failure as com-
pared to conventional parallel reinforcement. The limit on

‘shear stress has been adopted from reference 7.

1.5.2 The area of reinforcement to be provided along each
diagonal in a diagonally reinforced coupling beam shall be

Vﬂ

A4a=17 f, sinct

where, V, is the factored shear force, and o is the angle
made by the diagonal reinforcement with the horizontal. At
least 4 bars of 8 mm diameter shall be provided along each
diagonal. The reinforcement along each diagonal shall be
enclosed by special confining reinforcement as is required for
columns in I5:4326. The pitch of spiral or spacing of ties shall
not exceed 100 mm.

Comment : The design of a diagonally reinforced coupling
beam is based on the assumption that the shear force resolves
itself into diagonal compression and tension forces, Fig 1.
These forces intersect each other at midspan where no mo-
ment is to be resisted. Thus, the shear force will be equal to (2
T sino), where T = 08?f A, . The diagonal bars that are in
cornpressaon need to be réstrained against buckling. Hence,
special confining reinforcement has to be provided all along

their length.

1.5.3 The diagonal or horizontal bars of a coupling beam shall
be anchored in the adjacent walls with an anchorage length of
1.5 times the development length in tension.

Comment : This increase in development length is to consider
the adverse effect of reversed cyclic loading on the anchorage
of a group of bars.

1.6 Openings in walls
1.6.1 The shear strength of a wall containing openings should
be checked along critical planes that pass through openings.

Comment : An opening in a shear wall causes high shear
stresses in the region of the wall adjacent to it. Hence, it is
necessary to check such regions for adequacy of horizontal
shear reinforcement in order to prevent a diagonal tension
failure due to shear.

1.6.2 Reinforcement shall be provided along the edges of
openings in walls. The area of the vertical and horizontal bars
should be such as to equal that of the respective interrupted
bars. The vertical bars should extend for the full story height.
The horizontal bars should be provided with development
length in tension beyond the sides of the opening.
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1.7 Discontinuous walls

Columns supporting discontinuous walls shall be provided
with special confining reinforcement as per 15:4326 over their
full height. The column reinforcement shall be extended into
the wall for a distance equal to the development length of the
largest longitudinal bar in the column.

Comment : Columns supporting discontinued shear walls
may be subjected to significant axial compression and may
have to undergo extensive inelastic deformations. Hence, they
have to beadequately confined over their full height to ensure
good ductility.

1.8 Construction joints

The vertical reinforcement ratio across a horizontal construc-

tion joint shall not be less than
092 P,
A (t,-2)
¥ 8

where, 1_is the factored shear stress at the joint, P, is the
factored axial force (positive for compression), and A4, is the
gross cross sectional area of the joint.

Comment : The design shear force at the joint must be less than
the shear force that can be safely transferred across the joint,
V.. Thisis calculated by the shear friction conceptand is given
by

V,. = u(08P, + 0.87f,Av}

where, L is the coefficient of friction at the joint ( | =1.0),
and A, is the area of vertical reinforcement available. To
account for the possible effects of vertical acceleration, the
axial load is taken as 0.8 P, instead of P, itself.

1.9 Development, splice and anchorage require-
ment

1.9.1 Horizontal reinforcement shall be anchored near the
edges of the wall or in the confined core of the boundary
elements.

Comment : Horizontal reinforcement acts as web reinforce-
ment for resisting the shear force. Hence, it should be well
anchored.

1.9.2 Splicing of vertical flexural reinforcement should be
avoided as far as possible in regions where yielding may take
place. This zone of flexural yielding may be considered to
extend for a distance of I above the base of the wall or one
sixth of the wall height, whichever is more. However, this
distance need not be greater than 21 . Not more than one third
of this vertical reinforcement shall be spliced at such a section.
Splices in adjacent bars should be staggered a minimum of
600 mm.

1.9.3 Lateral ties shall be provided around lapped spliced bars
that are larger than 16 mm in diameter. The diameter of the
tie shall not be less than one fourth that of the spliced bar nor

less than 5 mm. The spacing of ties shall not exceed 150 mm
on centres.

1.9.4 Welded splices and mechanical connections shall con-
firm to clause 25.2.5.2 of 15:456-1978. However, not more than
half the reinforcement shall be spliced at a section where
flexural yielding may take place.

A worked out example is given in the Appendix.

Conclusions

Shear walls are very suitable for resisting earthquake induced
lateral forces in multistoreyed building systems. They can be
made to behave in a ductile manner by adopting proper
detailing techniques. 15:456-1978 and 15:4326-1976 do not give
specifications for them. Hence, provisions are proposed for
the same. These provisions endeavour to suppress all brittle
failure modes and promote seismic energy dissipation in the
flexure mode. Provisions are given for shear and flexure
design of walls, for design and detailing of the wall web,
boundary elements, wall openings, construction joints, and
development, splice, and anchorage requirement for rein-
forcement. A commentary is included to explain the basis of
the provisions. An example on shear wall design is also given
toillustrate application of the intended provisions.
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Appendix : Example

A shear wall for a two-storey building, Fig 2, has been designed and
detailed in this section. The materials are M15 concrete and Fe 415 steel.
The unfactored forces in the panel between the ground level and first floor
are obtained by analysis as

Srno Load case Bending moment Axial force Shear force
kNm kN KN
1 (DL +LL) 5775 19229 19.7
2 Earthquake 4830.9 255.7 699.1

The maximum factored bending moment on the section = 1.2 x
(577.5 + 4830.9) = 6490 KNm. The maximum factored shear force = 1.2
x (19.7 + 699.1) = 863 kN.

() Shear design : At section A-A, the design shear forceis, Vy =
863 kN. Let the effective depth in resisting shear be 3760 mm (3380 +
380). Therefore, 7o = 0.998 N/mm?. Let minimum vertical reinforce-
ment (0.25 percent) be provided in the web. Therefore, as per Table 13
of 15:456-1978, % = 0.350 N/mm?. Hence, shear to be resisted by
harizontal reinforcement is, Vs = 560 kN. This requires the ratio Ax/So
to be 0.413. However, provision of minimum horizontal reinforce-
ment (0.25 percent) requires this ratio to be 0.575. As ty > 200 mm, the
reinforcement shall be in 2 layers. Thus, horizontal reinforcement of
8 mm diameter bars at 175 mm c/cin 2 layers will suffice. An opening
is present at section B-B. Taking depth of wall on each side of opening
that is resisting shear as 1280 mm, %, = 1466 N/mm?. Thus, shear to
be resisted by reinforcement on each side of opening is, Vs = 328 KN.
Therefore, provide 8 mm diameter 2-legged stirrups at 140 mm c/c
on each side of opening.

(b) Flexural strength of web : The vertical reinforcement in the
web is 0.25 percent. The length of the wall, Ly, is 4140 mm and its web
thickness, tw, is 230 mm. Axial compression will increase the moment
capacity of the wall. Therefore, the factored axial force should be taken
as Pu = 0.8 x 1922.9 + 1.2 x 255.7 = 1845 kN. Assuming this axial load
to be uniformly distributed, load on web = 0.574 x 1845 = 1059 kN.
Thus, from equationsin 1.3.1 (a) for xuAy < xuAs, A =0.074, ¢ = 0.060,
Zuhy = 0279, x u/lw = 0,660, and the value of P is 0.516. As x./lw s less
than x w/ly, the moment of resistance of the web is obtained from
equations in 1.3.1 (a) as, Mur = 2967 kNm. The remaining moment,that
is, Mu - My, shall be resisted by reinforcement in the boundary
elements.

(c) Boundary elements : The axial compression at the extreme fiber
due to combined axial load and bending on the section is 6.805
N/mm?. As this is greater than 0.2 f, provision of boundary elements
along the wall edges is mandatory. The center to center distance
between the boundary elements, Cw, is 3.760 m. The axial force on the
boundary element due to earthquake loading is ( My - Mup )/Cw = 937
kN. Thus, the maximum factored compression on the boundary ele-
ment is [937 + 0.213 x 1.2 x (1922.9 + 255.7)] = 1494 kN. The factored
tension on the boundary element is [0.213 x (0.8 x 1922.9 - 1.2 x 255.7)
- 937] = -675 kN. Assuming short column action, the axial load
capacity of the boundary element with minimum reinforcement of 0.8
percent is 2361 kN. Therefore, 12 bars of 16 mm diameter will be
adequate to take the compression as well as tension. The arrangement
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Fig 3 Reinforcement details for example wall

of reinforcement in the boundary element as per Fig 3 requires 10 mm
diameter rectangular hoops to be provided at 95 mm on centres as
special confining reinforcement.

(d) Reinforcement around opening : The opening is of size 1200
mm by 1200 mm. The area of vertical and horizontal reinforcement in
the web (0.25 percent) that is interrupted by it is 690 mm?. Therefore,
1 bar of 16 mm diameter should be provided per layer of reinforce-
ment on each side of the opening. The vertical bar should extend for
the full storey height. The horizontal bar should be provided with

development length in tension beyond the sides of the opening.

Fig 3 illustrates the reinforcement details.
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New Publication from ACC-RCD
Concrete Mix Design

"Concrete Mix Design” which was first brought out by the erstwhile Concrete Association of India in 1979 and then in
1983 was found extremely useful by practicing engineers, consultants, concrete technologists and others connected with
the concrete construction industry. This booklet has been recently revised and an enlarged edition is published by the
Research and Consultancy Directorate of the Associated Cement Cos Ltd.

The book covers all aspects of concrete mix design, right from the basic principles to the solution of practical examples in
the design‘}of concrete mixes. It is divided into following chapters.

¢  Approach to mix design
e  Principles of mix design
¢ Properties related to mix design
e  Acceptance criteria
¢  Proportioning the ingredients
*  Separate chapter on each of the following mix design methods:
IS, RRL, DOE, ACI, Surface Index, Trial Mix, Maximum Density, Minimum Veids, and Fineness Modulus methods
e  Parameters affecting the strength of concrete

The third revised edition incorporates changes made in the Indian Standard, 1S:10262-1982 and DOE methods. The gen-
eral principles of mix design, durability considerations, statistical concepts for quality control, acceptance criteria for field
concrete are some of the important topics covered in the booklet. Another important aspect is that all the methods of mix
design have been explained with the help of illustrative examples.

The book will indeed meet the needs of engineers, consultants, contractors, concrete technologists and others.
Price : As 110.00 + Rs 12.00 (Extra postage for register post parcel)
For your orders, please write to :

Deputy Divisional Manager

Concrete Consultancy Services Division

The Associated Cement Cos. Ltd

Research and Consultany Directorate

L.B. Shastri Marg,

Thane 400 604.

Phone : 5323631/32; Tix no.: 11-72190 CRS IN, 11-72326 CRS IN.
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